This paper describes the properties of our new alkylsulfonium salts for use as photoacid generators in ArF excimer laser lithography; 2-oxobutylthiacyclopentanium trifluoromethanesulfonate, 2-oxobutyithiacyclopentanium nonafluorobutanesulfonate, 2-oxobutylthiacyclohexanium trifluoromethanesulfonate, and 2-oxobutylthiacyclohexanium nonafluorobutanesulfonate. These compounds were thermally stable at more than 200 in air and at more than 170°C in methacrylate-polymer film. They showed low absorption at 193.4 nm and high sensitivity with an ArF-excimer-laser dose. The PACs were also expected to be applicable to resists for use in F2-excimer-laser lithography because of their transparency at 157.6 urn, the wavelength of the laser. A resist composed of 2-oxobutylthiacyclopentanium trifluoromethanesulfonate and an alicyclic terpolymer achieved the resolution of a 0.13-µm line-and-space pattern by using an ArF scanner (NA=0.6, annular illumination) at a 20-mJ/cm2 dose.
Introduction
ArF excimer laser (=193.4 ~,nm) lithography is a key technology for the next-generation micro fabrication of electron-devices, and will be applied below the 0.12-µm design rule. Much work has been done on the development of chemically amplified resists [1] , which mainly consist of a polymer and a photoacid generator (PAG) for use in ArF excimer laser lithography.
As the carbon-carbon double bond has strong absorption at the wavelengths shorter than 200 nm, a lot of work has been reported describing transparent resist materials.
This work has mainly been focused on polymer materials, including alicyclic groups such as adamantyl [2] , isobornyl [3] , tricyclodecyl [4] .
Regarding photoacid generators (PAGs), most studies have also been focused on the absorption so as to improve the resolution of resists. The blue-shift effect was applied to PAGs with the naphthalene group, as reported by Ushirogouchi, et. al. [5] , Kim, et . al. [6] , and Kajita, et. al. [7] . We previously reported on the development of an alkylsulfonium salt, 2-oxocyclohexylmethy (2-norbornyl)sulfonium trifluoromethanesulfonate [8] , which does not have an aromatic group, as a PAG for use in ArF resists and confirmed its low absorption at 193.4 nm relative to a conventional PAG, such as triphenylsulfonium trifluoromethanesulfonate [9] , and good photosensitivity. However, the thermal stability of the alkylsulfonium salt PAG was inadequate for practical use, requiring a thermal-decomposition point of more than 150 °C in polymer films. Therefore, we have designed a thermally stable alkylsulfonium salt with high transparency at 193.4 nm and high sensitivity to the irradiation of the ArF excimer laser, for use as a PAG for the ArF wavelength.
This paper describes the basic properties of the new PAGs.
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The structural formula of the new PAGs, 2-oxobutylthiacyclopentanium trifuluoromethanesulfonate (la), 2-oxobutylthiacyclopentanium nonafluorobutanesulfonate (ib) and 2-oxobutylthiacyclohexanium trifuluoromethanesulfonate (2a), 2-oxobutylthiacyclohexanium nonafluorobutanesulfonate (2b) is shown in Figure 1 . The PAGs have cycloalkyl groups for their high transparency at 193.4 nm, and 2-oxo groups with a slight absorbance were incorporated to increase sensitivity.
2-oxocyclohexylmethy(2-norbornyl) sulfonium trifluoromethanesulfonate (3) [8] and tripehnylsulfonium trifluoromethanesulfonate (4) [9] were synthesized as described and used as references.
PMMA (poly(methylmethacrylate)) was purchased from Aldrich Chemical company, Inc. SOG (spin-on-grass, OCD T-12) was used as a matrix polymer to evaluate the transparency of PAGs, and was purchased from Tokyo Ohka Kogyo, Co. Ltd.
The chemical structure of an alicyclic terpolymer, poly(AHNCL48-BTCDDA42-CTCDDM10) (5) , is shown in Figure 2 . This methacrylate terpolymer consists of a norbornane lactone unit, a t-butyl-protected tetracyclo The polymerization ratios were determined by using 'H-NMR spectroscopy. 1H-NMR spectra were measured respectively on Burcker AMX-400.
Measurements
The decomposition point of alkylsulfonium salt in air was determined by the temperatures at which 1 % weight loss occurred by using thermogravimetry analysis (TGA, Mac Science System 001).
The thermal stability of alkylsulfonium salt in a polymer film was evaluated using the following two methods. (1) Dye method [10] : PMMA film containing 3 wt% PAG spun to the Si substrate was heated on a hot plate for 3 or 60 seconds and dissolved in 20 mL of a 2.65x105 mol/L tetrabromophenolblue sodium salt/acetonitrile solution.
The amounts of generated acid were estimated by the absorbance decrease of the solution at 619 nm.
(2) Protective-group-cleavage method: the temperature, at which a t-butyl-protected-resist film became soluble by heating, was determined. A film of PAG(1 wt%)/poly(methylmethacrylate4o-tbutylmethacrylate40-methylmethacrylate20) (poly(MMAo-4tBuMA4o-MAA2o)) on a Si substrate was heated at various temperatures on a hot plate for 60 seconds, and then developed in an alkaline developer (NMD-3; 2.38% TMAH (tetramethyl ammonium hydroxide) aqueous solution (Tokyo Ohka Kogyo, Co. Ltd.) for 60 seconds.
The transmittance of the PAG solution was measured by using a Shimadzu UV-365. The UV spectrum of thin film spun-cast on CaF2 plates was measured using a JASCO MA5 spectrometer. The sensitivity was estimated from the minimum exposure dose to make the film of PAG (1wt%)/poly(MMAo-tBuMAo-MAA2o) 44soluble in the alkaline developer.
To detect the photo-decomposed compounds, a PAG solution (PAG/acetonitrile, 0.01 molfL) in a terpolymer, for quartz cell was irradiated using ArF excimer laser (EX-746, Lumonics) with an excess dose, 600 mJ/cm2, to achieve 100% conversion of PAG. After irradiating, photo-decomposed compounds in the solution were detected by gas chromatographic mass spectroscopy (JOEL MS DX-303) and confirmed using the same chemicals, which were synthesized for reference after the detection. The decomposed compounds were identified from the GC measurements (Hewlett-Packard HP5890 analyzer with a Shimadzu Chromatopac C-R3A) and determined from the calibration curves obtained from the reference measurement.
Lithographic properties
Process conditions for the lithographic experiments are listed in Table 1 . Resist film was spun to a thickness of 0.4 pm on an organic ARCcoated Si substrate and baked at 110°C for 60 seconds. The resist film was exposed by using a Nikon ArF Scanner (NA=0.6, annular illumination), post-exposure-baked at 140°C for 60 seconds on a hot-plate, and then developed in the alkaline developer for 60 seconds.
Results and Discussion

Thermal stability
The decomposition point of sulfonium salt in air obtained from TGA and in polymer film obtained from the protective-group-cleavage method are summarized in Table. 2.
The decomposition points of la, ib, 2a, and 2b were at more than 200°C and showed improved thermal stability compared to 3 as alkylsulfonium compounds.
Additionally, from the standpoint of the manufacturing process of semiconductor devices, the thermal stability of PAG in polymer must also be evaluated. All the decomposition points in polymer of la to 4 PAG showed lower temperatures of 30 °C than those for in air. Thermal stability at more than 150°C is required for resist materials in the conventional lithographic process, and thus la, lb, 2a, and 2b clearly showed sufficient stability for practical use. The GC-MASS measurements confirmed that the acid was also generated by the thermal decomposition of la and 2a. Figure 3 shows the relationship between heating temperature and the decomposition ratio of la, 2a and 3 in PMMA film. Each of these began to decompose at 120 °C , 170 °C , and 175 °C, respectively. These results indicating the thermal stability of alkylsulfonium salts in polymer films are lower than those for in air. All the alkyl sulfonium salts with a heterocyclic structure had high thermal stability (>170°C), even in a polymer film.
Optical properties
The absorption coefficients of the five PACs in acetonitrile solution at 193.4 nm are summarized in Table 3 . Alkylsulfonium salt la, ib, 2a, 2b, and 3 had low coefficients, about a 30th of that for the conventional and aromatic photoacid generator 4. Figure 4 shows the relationship between the PAG content and the transmittance of the 1-µm-thick PAG/PMMA films. The transmittance of the PMMA film was 78.6%/µm, and the transmittance Table 2 . Decomposition points of PAGs of the film containing la or 2a increased slightly with an increase in these contents because of their lower absorbance than the absorption of methyl methacrylate monomer. la and 2a have excellent transparency at 193.4 nm, although the transmittance of the 4/PMMA film decreased with an increase in the 4 content, and it was less than 50% at over 1.Owt% of 4 content. The transmittance was high enough (ca. 80%) at lOwt% la or 2a concentration. To obtain a good resolution and pattern profile, a transmittance of over 50%/µm of resist is required for the exposure light to reach the bottom of the resist film clearly, and la and 2a have sufficient transparency for a single-layer resist. However, the transmittance of 4/PMMA was low (20%) and the film transparency decreased dramatically with an increase in the content of 4 in the film even at a very low concentration (lwt%).
We also evaluated the optical property of alkylsulfonium salts at 157.6 nm, the wavelength of the F2-excimer laser, which is a candidate as a light source of the next-generation lithography after ArF-excimer laser. The SOG was used as a matrix resin because of its high transparency (94%) at 157.6 nm. Figure 5 shows the relationship between la content (% by weight) and the transmittance of the 0.25-µm-thick SOG film containing la. The film transmittance at 157.6 nm was slightly decreased with the increase of la and showed about 80% at 15 wt% content of la. This result indicated our new alkylsulfonium salts should also be good candidates as a PAG in future lithographic technology, that is, F2-exccmmer laser lithography.
Sensitivity
The amounts of generated acid in PMMA films containing 1.4 mol% of PAG is shown in Fig.  6 as a function of the exposure dose of the ArF excimer laser. The amount of generated acid increased as the exposure dose increased, and 4 showed a higher photosensitivity because of its strong absorption at 193.4 nm than alkylsulfonium salt PAGs; la, 2a, and 3.
The acid-generating efficiency for unit absorption, as calculated from equation (1), was also estimated from the amount of acid generated from the PMMA film containing 1.4 mol% PAG. The results from Fig. 7 clearly indicate that la has the highest acid-generating efficiency. in the alkaline developer is summarized in Table 4 . la showed higher sensitivity than the 2a, as it should do because of its higher acid-generating efficiency as shown in Fig. 7 .
We detected photodecomposed compounds of 1a or 2a/acetonitrile solution irradiated with the ArF excimer laser by using GC-MASS.
The main products were tetrahydrothiophene and trifuruoromethanesulfonic acid from the la/acetonitrile solution, and pentahydrothiophene and trifuruoromethanesulfonic acid from the 2alacetonitrile solution. These results showed that the photodecomposition of the alkylsulfonium salts mainly occurred through fission of the carbon-sulfur bonds.
The photo-decomposed reaction scheme of la and 2a was showed as shown in Figure 8 . This result also implies that the 5-membered ring of la would be more effective for the band dissociation than the 6-membered ring, and thus resulted in the higher sensitivity of la than that of 2a.
Resolution
We evaluated the resolution of alkyl sulfonium salt la because of its high acid-generating efficiency. A resist composed of 1 wt% of PAG la and poly(AHNCL48-BTCDDA42-CTCDDMIo) was exposed with an ArF scanner. Figure 9 shows the SEM image of the resist pattern profile. A line-and-space pattern of 0.13 µm was obtained at a 20-mJ/cm2 dose. The resist clearly indicated a high-resolution capability as a single-layer resist, thus confirming that PAG la could be used as a PAG in ArF excimer laser lithography. (lwt%)/ poly(MMA4o- 
Conclusion
We have developed a new series of alkylsulfonium salts as a photoacid generator for use in ArF-excimer-laser lithography. These alkkylsulfonium salts showed adequate thermal stability (>170°C) and high transparency at 193.4 nm in a methacrylate-polymer film, and demonstrated their capacity for practical use as a photoacid generator. These PAGs might also be used in photolithography at the dual wavelengths, 193.4 nm and 157.6 nm because of their transparent property. The imaging results for the 0.13-µm pattern using an alkylsulfonium salt, 2-oxobutylthiacyclopentanium trifluoromethanesulfonate, looks very promising for use in ArFexcimer-laser lithography.
